This paper investigates the design issues of a shipping network when cargo demand increases rapidly. A gravity-type model for origindestination (OD) demand estimation is first presented and calibrated based on the current cargo volumes of the Indonesian maritime market. A model for minimizing total system cost, which is the sum of shippers' and carriers' costs, is then proposed to design the shipping network with cargo demand levels forecasted for future years. The results show that for the Indonesian maritime market, although a hub-and-spoke (HS) network is appropriate for the current low level of shipping demand, a point-to-point (PoP) structure will be needed at higher traffic volumes in the future. Additional domestic hub ports shall be developed as cargo demand increases over time. The results suggest that a progressive policy can be promising for infrastructure investments in developing countries: government planning and regulations may be introduced in early years to enhance infrastructure utilization and economic return.
Introduction
The Republic of Indonesia, which consists approximately 17,500 islands, is an archipelago country in Southeast Asia. According to BPS Statistics Indonesia 1 (2015) , Indonesia is divided into 34 administrative provinces over five main islands and four archipelagos. The country shares land borders with Malaysia, East Timor and Papua New Guinea, and marine boundaries with Singapore, Philippines and Australia. As the world's largest archipelago country, marine shipping is a major transportation mode for Indonesia. The Indonesian president, Joko Widodo, has declared twice that he wants to transform the country into a strong maritime nation, confirming the nation's policy priority of developing the maritime sector.
To achieve the vision of an economically strong maritime nation, the Indonesian government has initiated several maritime programs. One program, called Pendulum Nusantara, was proposed by the state corporation PELINDO 2 in 2012. The implementation, which started in January 2016, is expected to be finished by 2018 (Desfika, 2016) . This program plans to develop six main hub ports connected with regular shipping services, as depicted in Figure 1 (Lino, 2012) . 4 current market may not be the best choice for the future. In addition, as infrastructure investments related to both ports and ships have been quite limited in previous years, a strategic plan for Indonesia needs to take many cost items into consideration instead of focusing on a particular port or on particular shipping companies. Such challenges probably explain why few studies are available in the public domain.
In light of the above, to contribute to the development plan of ports and shipping networks in Indonesia, we first propose an OD demand estimation model to forecast a reliable OD cargo demand matrix for future years. A generalized shipping cost minimization model is then presented to optimize the vessel type and vessel speed for carriers, and to minimize the total system cost (i.e., the sum of shippers' and carriers' costs). This allows us to determine the optimal locations of hub and gateway ports for the creation of an efficient hub-and-spoke (HS) network. The evolution of the optimal network structure is subsequently discussed for different scenarios of cargo demand growth. Our modeling results suggest that the total shipping cost decreases with the cargo handling rate and the scale economy of ship size. At the current low level of cargo demand, an HS network is preferred regardless of the cargo handling rate or the scale economy considered. However, as the cargo demand increases and reaches a threshold, the optimal shipping network will prefer a point-to-point (PoP) structure. Investments in ports and fleets should be planned accordingly in view of this changing network pattern.
The remainder of this paper is organized as follows. Section 2 provides a brief review of the related literature and highlights the contributions of the paper. Section 3 summarizes the market conditions, input data compilations and the method to estimate the OD cargo demand matrix. Section 4 discusses the details of model formulation for HS network design. In Section 5, the proposed models are applied to the Indonesian maritime sector. The last section concludes the paper and provides recommendations for further studies.
Literature review
HS networks offer many benefits, such as traffic flow consolidation, large network coverage and simplified operations. They have been widely adopted by airlines, shipping companies, telecommunication systems and logistics operations (Hendricks et al., 1995; Zhang, 1996; Hendricks et al., 1999; Brueckner and Zhang, 2001; Hsu and Hsieh, 2005; Chong et al., 2006; Takano and Arai, 2008; Homsombat et al., 2011; Meng and Wang, 2011; Adler et al., 2014) . Hubs serve as transshipment points and replace large quantities of direct connections with fewer indirect connections. O'Kelly (1987) , one of the first to study the HS network, developed several heuristics to solve this kind of problems. Several studies have examined waterborne networks based on the HS structure.
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Tu, Adiputranto, Fu and Li 5 Meng and Wang (2011) combined the HS and multiport-calling operations to study the liner shipping service network design problems, but the candidate shipping lines were predetermined. Zheng and Yang (2016) proposed a mixed-integer linear programming model to design an HS network for the Yangtze River and supported the trends of cargo concentration. In Imai et al. (2009) , the multiport-calling and the HS network were compared and applied to the problem of the Asia-Europe and Asia-North America trade lanes. Hsu and Hsieh (2005) applied a two-objective model to decide whether to route a shipment through a hub or directly to the destination for a simple network. Chong et al. (2006) proposed a heuristic procedure to solve the problem of scheduling and routing in a hybrid HS network, which included direct delivery. Takano and Arai (2008) applied a new algorithm to solve the p-hub median problem for containerized cargo transport networks. As HS networks have been extensively used and studied, and have been chosen for the Indonesian Maritime Highway program, we model the implications of such a network configuration for the Indonesian market. We consider the 24 "strategic ports" included in the Maritime Highway program and compare alternative hub schemes for the shipping network.
A large number of studies on shipping networks have been conducted. Tran and Haasis (2013) reviewed the relevant literature and concluded that network design can be carried out with alternative objectives, such as cost minimization, sailing and dwelling time minimization, shipping distance minimization, travel and transit time minimization, profit and/or revenue maximization, shipping volume maximization and other alternative objectives adopted in the industry and/or imposed by government agencies in the case of container liner shipping. Network efficiency indicators have also been used, such as Nagurney-Qiang measures, which reflect the weighted average of shipping volume per unit cost (Nagurney and Qiang, 2008) . Cost minimization has been widely applied to shipping problems, such as several global-scale simulation models, namely, the World Container Model (Tavasszy et al., 2011 ), Container World (Sinha-Ray et al., 2003 and GloTram-2 (Smith et al., 2011) , and models developed for the regional and national levels (see the multilevel modeling framework developed by Halim et al., 2012) . As shipping companies' profits and revenues depend on market dynamics, which are difficult to precisely predict in the long term, we choose the cost minimization as the objective function in this paper to optimize the service quality of carriers and the choice of hub ports. As Indonesia is a developing country with low average income, shippers and carriers are likely to be sensitive to transport costs in the foreseeable future. Therefore, focusing on cost minimization is likely to offer more relevant insights and recommendations to policymakers and the maritime industry in Indonesia.
As an important starting point for any network design, estimation of OD demand is of critical importance for the Indonesian maritime sector. Munizaga and Palma (2012) argued that an OD demand matrix is a fundamental prerequisite in a transport analysis for both research and policy Shipping network design in a growth market: The case of Indonesia Tu, Adiputranto, Fu and Li 6 planning purposes. However, they also emphasized that it is common to have major data gaps for reliable estimation of cargo movements. This is a major challenge in the case of container shipping in Indonesia, as there is no reliable cargo movement data at the province-to-province or port-to-port level.
Many studies have tried to estimate an OD matrix or point-to-point trade volumes through using gravity type models or other mathematical solutions. To estimate a full OD matrix with limited data, Levine et al. (2009) formulated an optimization model with which a disaggregated OD demand representation can be generated with aggregated data and a gravity model. They used a case study to identify the movement of containers shipped from international ports to final destinations in the U.S.
However, this method cannot be directly applied to the case of Indonesia due to significant differences in data availability and aggregation level. Luo and Grigalunas (2003) developed a gravity model to distribute U.S. containerized imports to states based on population. However, distance factor was not included in the specification. Firdaus and Widyasanti (2010) applied a general gravity model to measure the trade volumes between the domestic regions within Indonesia and found that interregional trade tends to be higher in the Java region, which is the economic center of Indonesia. Banitya (2013) applied a gravity model to identify the variables that affect Indonesia's domestic trade. Because gross domestic regional product (GRDP) and transport distance are important determinants of trade volume, based on the findings of previous studies on network design and Indonesian trade and transport, a gravity function similar to the specification in Silva and Tenreyro (2005) will be adopted in the problem of estimating OD cargo demand matrix. As different port facilities and vessels are needed for different types of cargoes (Zhuang et al., 2014) , we focus on container shipping only. Compared to dry bulk and tanker transport, container shipping plays a more important role in trade and economic growth (Lau et al., 2013) . In addition, bulk goods shipping mostly uses PoP networks, thus the associated planning is relatively straightforward. The following section first introduces the input data used for the analysis, followed by the specification of the models.
OD demand estimation and parameter calibration

Market definition and ports considered
Both the Pendulum Nusantara and the Maritime Highway programs planned in Indonesia involve a large number of ports. Therefore, we consider shipping networks based on the 24 strategic ports that are to receive funding and development support from the programs. Table 1 provides a list of the strategic ports; their locations are displayed in Figure 3 .
Shipping network design in a growth market: The case of Indonesia Tu, Adiputranto, Fu and Li To transform the data for loaded and unloaded cargoes from the provincial level to the port level, each province is allocated to one of the 24 strategic ports based on the shortest distance from the province capital to a port, and the ports' loaded and unloaded cargoes are gathered from the provinces they serve. To avoid data inconsistency problems, all of the data used for cargo and container movements should come from the same source. Indonesia's national records are used because they are more detailed and cover all regions. The province-port pairs are shown in Table 2 . Both domestic and international shipping demands should be considered in the choice of shipping networks. Currently, approximately 80% of the international trade in Indonesia is routed through the Port of Tanjung Priok before entering or leaving international routes and thus this port is assumed to be the international gateway for the current shipping network. In our model, international shipping to and from other markets are aggregated to six major hub ports, as summarized in Table 3 . This assumption is consistent with the reality and allows us to focus on network modeling within Indonesia, which is the main target of government investment plans. 
7
Specifications of cargo volume
Although we focus on container shipping, the available data on cargo movements are mostly in gross tons. This requires a conversion of gross ton cargo to container volume. Statistics Indonesia (2015) reported that in 2014, a total of 1,550,271,403 gross tons of cargos were shipped through the sea and the World Bank (2016) reported that a total of 11,900,763 TEUs (twenty-foot equivalent unit) were shipped in Indonesia. Leonardi and Browne (2010) 
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the ratio of 9.5% for Port of Tanjung Priok and the 6.7% for Port Tanjung Perak, which means that it is feasible to transform the tonnage traffic to the container traffic by 7.7% in the model calibration.
Loaded and unloaded cargo tonnage at the strategic ports is gathered from BPS Statistics Indonesia (2015), for which the same conversion rule with ratio 7.7% is used.
Still, detailed information about the shipping network in Indonesia and the operation details, such as vessel size and number, shipping speed and transshipment volume, are not available to us. To make the estimation process tractable, it is assumed that the current shipping network within Indonesia is PoP and the loaded/unloaded cargo volume at ports can be treated as the demand generated at the origin/attracted to the destination. The only exception is the Port of Tanjung Priok, which is the biggest international gateway. It is assumed that the cargos from foreign ports enter Indonesia through specific Indonesian gateways (e.g., Tanjung Priok). Thereby, the transportation of the international cargos involves two networks: an international network and a domestic network. For the international cargo demand, one thus needs to collect the data of the international cargo volume between foreign ports and Indonesian international gateways, and the data of the cargo volume between the gateways and other domestic ports. These data can be gathered directly from BPS Statistics Indonesia (2015).
We will discuss the related costs separately for domestic network and the international network later.
OD demand estimation
When both the total traffic volume generated at origin ports and the total traffic volume attracted to destination ports are known, we can adopt a doubly constrained gravity model and the likelihood estimation of parameters to estimate a reliable OD cargo demand matrix for Indonesian shipping network. A general OD demand matrix pattern is shown in Table 4 . Table 4 , n is the total number of ports and ij q denotes the cargo demand between OD pair (i, j).
The last column represents the total cargo volume originating at each origin port and the last row represents the total cargo volume attracted to each destination port (i.e. the sum of elements in each row/column must equal to the total traffic generation or attraction).
The doubly constrained model has been widely used in transportation demand forecast and trip distribution analysis (see Sheffi, 1985) , and is specified as follows:
,
where the OD cargo demand ij q is proportional to the total cargo volume originating at the origin port i, i O and the total cargo volume attracted to the destination port j, j D . ij q is dependent on the service level between that OD pair, exp( ) ij u  , which is a negative exponential function of the OD travel time ij u .
ij K is a constant, and
 is an unknown parameter to be estimated. Eqs. (2) and (3) are the conservation constraints.
After some algebraic operations, the doubly constrained model (1)-(3) can further be written as exp( ), , ,
Substituting Eqs. (5) and (6) into (4), one can indicate that the resultant OD demand ij q satisfies constraints (2) and (3).
In Eq. (4),  is an unknown parameter and needs to be calibrated. In this paper, the maximum likelihood method can be adopted. To do so, we define the maximum likelihood function L as follows.
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where ij M is the number of cargos observed to be transported from port i to port j and M is the total number of cargos in the system, i.e.,
, ij ij MM   . After rewriting Eq. (7) as the logarithm function and deleting the constant parts, the calibration for the parameter  in the OD demand can be stated as follows (Boyce and Zhang, 1998) .
subject to Eqs. (4)- (6). Boyce and Zhang (1998) showed that the likelihood function (8) Step 1. Choose an initial value for parameter  , represented as (1)  , set the iteration counter to k = 1.
Step 2. Determine 
in terms of Eqs. (4)-(6) by using furness iteration method (see Sheffi, 1985) .
Step 3. If 
(  is a pre-specified precision), stop; otherwise, update the value of  as follows and return to Step 2.
( 1) (
The estimated and observed values are compared to produce a new value of  for the next iteration.
However, in reality the observed cargo flow moving from origins to destinations is not available for most of OD pairs. Therefore, we adopt a minimization problem together with a exponential function 12 as used in Silva and Tenreyro (2005) 
Parameter calibration for the Indonesian maritime market
In order to estimate the OD cargo demand matrix for the Indonesian shipping network, the expressions (10) and (11) (4)- (6) with  value of 0.3711.
Shipping network design model
The shipping network design in this paper aims to determine an optimal HS network by locating domestic hub ports and international gateway ports. Domestic hubs have the function to agglomerate the domestic cargos, whereas the international gateways agglomerate the export/import cargos before leaving/entering the domestic network. Without loss of generality, the following basic assumptions are made for simplifying the modeling process:
Shipping network design in a growth market: The case of Indonesia Tu, Adiputranto, Fu and Li
13
A1. The feeder ports, candidate domestic hubs and international gateways are pre-determined.
A2.
Three stakeholders are considered in the shipping network to be designed, namely the authority (the government), the shippers, and the carriers. The authority aims to determine the optimal locations of hub and gateway ports in the HS network. The carriers seek to optimize the vessel type and vessel speed to minimize its total shipping cost. The shippers choose their routes with minimum travel cost.
A3.
Each domestic feeder port could be linked to at least one domestic hub. Domestic hubs are fully connected to each other. Each representative international port of the regions is directly linked to unique gateway(s). Therefore, the whole network can be decomposed into the domestic network and the international network.
A4
. Cargo transfers at hub ports en route do not exceed twice. If the sailing distance between the origin and the destination is less than threshold, direct delivery must be used.
For presentation purposes, some notations used in this paper are defined as follows.
N set of all ports, which consists of domestic ports and international ports 
Shippers' route choices
A shipping network involves three types of participants: ports, carriers and shippers. Ports are the interfaces between ground transportation and waterborne transportation, where many cargo handling activities can be performed. Carriers provide transport services, whereas shippers aim to minimize the generalized transport costs, which include the price paid to carriers and the time cost during cargo transportation Hsieh, 2005, 2007; Talley, 2014) . According to assumption A3, the transportation of international cargo includes that in the domestic network and that in the international network. The shippers' route choices on these two networks are thus presented as follows. 
Travel cost and route choice in domestic network
where  is the shipper's value of shipping time.
 r denotes the optimal shipping route between OD pair (i, j).
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Once the optimal shipping route  r is determined for each OD pair, the shipping demand is then assigned to that route, i.e., , , 
Travel cost and route choice in international network
The international network adopts the PoP structure, and the international cargos are transported directly between foreign ports and Indonesian gateways. The minimum time cost between origin 
Carriers' decisions on vessel size and velocity
Carriers determine the service quality and shipping operations for their operating network, such as vessel type, velocity and frequency, to attract cargos and minimize their shipping costs. The total shipping cost for a carrier contains three categories of costs, namely sailing-related costs, port-related costs and container-related costs. Sailing-related costs include the fuel cost during voyage and the daily charter and operating cost. The daily fuel cost per vessel is estimated to be proportional to the cube of vessel velocity and the fuel efficiency of the vessel, the vessel capacity and the fuel price (Corbett et al., 2009; Wang et al., 2015) . The specified expression for daily fuel cost, FC C , (in US$) is as follows. The daily capital and operating cost per vessel are influenced by several factors, such as crew, ship size, insurance policy and maintenance (Hsu and Hsieh, 2007; Tran, 2011) . We can approximate the daily capital and operating cost for each vessel as follows. Port-related charges mainly include each vessel's port dues and the stevedoring costs for containers at ports. Port dues are paid for pilotage, towage and berth occupancy (Hsu and Hsieh, 2007; Tran, 2011) , and are determined by the gross tonnage of a vessel (Tran, 2011  is the total number of transshipments on route r. For the international network, each route traverses two ports only, namely an international port and a gateway. Thus, the stevedoring costs per TEU at all ports on each route in the international network is 2 . Additionally, container-related costs are the lease costs for the usage of containers during transportation, which are determined by the unit rent cost, the total quantity of containers used by the vessels and the whole transportation duration.
Based on the above specifications, the total shipping cost minimization model for determining optimal vessel size and speed for carriers is as follows. stevedoring costs at all ports in the domestic network; the second and third parts represent the stevedoring costs at all ports in the international network; the fourth part represents the total cost at all shipping legs, including the total port dues of vessels, the fuel costs, the container rental costs and the capital and operating costs of vessels during the whole year's voyage.
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Total system cost minimization for design of hub ports and gateways for the authority
To design the shipping network, the government determines the optimal locations of hubs and international gateways from given sets of candidate ports to minimize the total maritime system cost.
The total system cost is the sum of the carriers' total shipping cost and shippers' total cost in the whole shipping network. The network design problem can be formulated as the following cost minimization model (27) and (28) state that P new domestic hubs and Q new gateways will be built in the network. Constraints (29) and (30) define 0-1 decision variables.
In order to solve the 0-1 integer programming problem (26)- (30), we develop a heuristic solution algorithm as follows.
Step 1. Initialization. Set Step 2. First loop operation (determining optimal locations of gateway ports). Given the set of candidate gateways G , check all possible gateway schemes sequentially with one scheme at a time. Let (1) G denote the initial gateway scheme. Set the scheme counter to k = 1.
Step 3. Second loop operation (determining optimal locations of domestic hub ports). Given the set of candidate domestic hubs H , check all possible hub schemes sequentially with one scheme at a time. Let (1) H denote the initial hub scheme. Set the scheme counter to l = 1.
Step 3.1. If all possible gateway schemes are checked, then go to Step 4.
Step 3.2. Solve the carriers' shipping cost minimization model (20)- (25) Step 3.3. Termination check for the second loop operation. If
x y , and l = l + 1, and go to Step 3.1.
Otherwise, set l = l + 1 and go to Step 3.1.
Step 4 
Case study for Indonesian maritime market
Parameter calibrations and specifications
The OD demand estimation model and the cost-minimization model for shipping network design are , 2019-2024) . The GDP forecasts for specific future years are summarized in Table 5 . Shipping network design in a growth market: The case of Indonesia Tu, Adiputranto, Fu and Li
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The annual GRDP growth rates of provinces in 2014 are obtained from . With reference to the national annual growth and the regional annual growth in 2014, the growth rate of GRDP for each province from 2014 to 2019 can be predicted to be proportional to the growth rate of the national GDP (BPS Statistics Indonesia, 2016c). The cargo volume at the province level is also predicted to be proportional to the GRDP, as trade volume is significantly influenced by the overall economy. Voyage distance data are compiled for port-pairs from searates.com and Google
Earth.
In our analysis, seven candidate ports may serve as domestic hubs, including the ports of Belawan, Batam, Tanjung Priok, Tanjung Perak, Makassar, Bitung and Sorong. Four candidate ports may serve as international gateway ports, including the ports of Belawan, Tanjung Priok, Bitung and Sorong. A port can be a domestic hub and an international gateway at the same time. In a hybrid HS network, cargo may be delivered directly or via transshipment. We first consider scenarios with only one international gateway, although there can be one to seven domestic hubs. If a port is not chosen to be a hub by the total system cost minimization model, it is then set to be a feeder port. Hub ports are fully connected to each other. To make the model tractable, it is assumed that domestic cargo can pass through at most two hubs, whereas direct delivery is used when the sailing distance between an origin and a destination is less than 1,000 nautical miles. Direct delivery has the advantage of short travel time and no transshipment cost. However, direct delivery may lead to legs not well served and cause higher costs for the whole PoP structure when cargo volumes are not very large.
Five types of vessels with capacities of 3,000 TEU, 4,000 TEU, 5,000 TEU, 8,000 TEU and 10,000 The handling charge per movement of container,  , is assumed to be US$100/TEU and a port handles 100 TEUs per hour with six cranes (Tran, 2011) .
With the above parameters, the routes between each OD pair can be uniquely chosen and the optimal Shipping network design in a growth market: The case of Indonesia Tu, Adiputranto, Fu and Li ,3,8,10,17,19] [2, 3, 8, 10, 17, 19] velocity for the vessel on leg a can be obtained by
, which increases with container lease rate and operation cost and decreases with fuel price and fuel efficiency.
More modeling results are presented as follows. However, in 2024, the optimal network structure is a PoP structure, with a total cost of US$2.232 billion. These results indicate that for the domestic market, the HS network is preferred at the low cargo demand levels (e.g., as of 2014 and forecasted for 2019) because the HS network can save cost due to cargo agglomeration and usage of large-size vessels. However, the PoP network is more efficient at a high cargo demand level (e.g., forecasted for 2024) due to decreased transshipment costs.
Discussions of results
In addition, it can also be noted that the ports of Belawan, Tanjung Priok and Tanjung Perak are usually chosen as the domestic hubs because the regions served by these ports have large population size, high GRDPs, and large port throughputs. Table 6 indicates the optimal network configurations and the corresponding total system cost, including those for the domestic market and the international market, for different levels of OD cargo demand in 2014, 2019 and 2024 when only one port is chosen as the international gateway. It can be noted that the Port of Tanjung Priok (port 8) is always the optimal choice. This is consistent with the fact that approximately 80% of the international trades in Indonesia currently pass through the Port of Tanjung Priok. Table 6 also shows that at the demand level of 2014, the scheme with four domestic hubs, which include the ports of Belawan (port 2), Batam (port 3), Tanjung Priok (port 8), and
Tanjung Perak (port 10), is the best choice. With growth in cargo demand, the corresponding total number of the optimal hubs is increasing. Specifically, compared to 2014, with an increased GRDP, population and port throughputs, the Port of Makassar (port 17) is added as the fifth domestic hub for 2019. However, in 2024, the optimal domestic network structure changes to a PoP structure which offers lower cost at a high demand level. As mentioned, without a careful plan establishing two independent international gateways in the east area of Indonesia (i.e., the development of the Port of Bitung as planned in the Maritime Highway and the Port of Sorong as planned in the Pendulum Nusantara program) may cause an unintended rivalry that reduces the overall economic benefits. Therefore, we investigate the scenarios in which one of the two candidate ports of Bitung (port 19) and Sorong (port 23) is also chosen as an international gateway in addition to Tanjung Priok (port 8). Table 7 shows the optimal domestic hub schemes and the corresponding cost for different years. It can be seen that the Port of Bitung is always a better candidate than the Port of Sorong in terms of the total system cost for 2014, 2019, and 2024.
Specifically, the total system cost with the additional gateway port Bitung are US$0.069 billion, US$0.094 billion, and US$0.123 billion lower than those with the additional gateway port Sorong in the three years, respectively. In addition, in 2024, the optimal shipping network structure for Indonesia becomes the PoP structure regardless of the choices of international gateways.
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Comparing Tables 6 and 7 , it can be observed that the total cost of the international network decreases with the development of an additional gateway. Specifically, compared to the case with just one gateway (i.e., Port Tanjung Priok (port 8)), adding Port of Bitung (port 19) as a gateway port can lead to a decrease in the total cost of the international network by US$0.079 billion, US$0.086 billion, and US$0.100 billion for 2014, 2019 and 2024, respectively. However, the total cost of the domestic network increases due to an addition of Port of Bitung as a gateway. Specifically, the total cost of the domestic network, respectively, increases by US$0.157 billion, US$0.199 billion, and US$0.284 billion for 2014, 2019 and 2014. As a result of a tradeoff between the international network cost decrease and the domestic network cost increase, the total system cost (i.e., the sum of total international network cost and total domestic network cost) increases. Thereby, developing one international gateway (i.e., Port of Tanjung Priok (port 8)) outperforms developing two international gateways in all the years considered, in terms of the total system cost. That is to say, choosing Port of Tanjung Priok only as the international gateway is enough for the Indonesian maritime market in the next decade. Figure 5 reports the total shipping cost for the domestic network with different handling rates  . Improved handling rates at ports reduce the dwelling time at the origin port, transshipment hubs and destination port, thus reducing the associated operation costs. Reduced transport time also reduces shippers' time cost.
These benefits are confirmed as shown in Figure 5 , where costs at different cargo volumes decline with the handling rate. However, when the demand becomes sufficiently high, such as the forecasted 2024 level, a PoP network is more efficient than an HS network, although higher handling rates still reduce the cost gaps of these two types of networks. Therefore, if the handling rate is low, direct delivery via a PoP network may be preferred when shipping demand is high. Shipping network design in a growth market: The case of Indonesia Tu, Adiputranto, Fu and Li
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Concluding remarks
As a major archipelago country with a huge population, substantial investment in Indonesia's maritime sector is needed to promote the nation's trade and economic growth. Despite the huge stakes involved, there is significant inconsistency between strategic government plans, such as the Pendulum Nusantara and Maritime Highway initiatives. Large investments in the maritime sector usually take a very long time to finish, during which rapid growth in cargo volumes are expected for Indonesia. All of these issues call for careful planning by the country's maritime sector and government policy.
However, few studies have investigated the optimal design of the shipping network in Indonesia and even less is known about how government policies and investment plans should adapt to changing demand over time. This paper aims to fill these gaps in research and policy planning by conducting a comprehensive study of shipping network design.
To overcome the severe shortage of detailed cargo flow data, a doubly constrained gravity model combined with the parameter estimation procedure is first applied to the Indonesian markets to calibrate a full OD cargo demand matrix for the current and future markets. A total system cost minimization model is then developed, which consists of carriers' total shipping cost related to port-to-port cargo delivery (such as cargo bunker fuel cost, capital and operating cost, container lease cost, port dues and handling cost), and shippers' time cost which is related to the total delivery time.
The proposed model considers both domestic and international cargo flows to determine the optimal domestic hubs and international gateways for the Indonesian maritime market.
Some important findings and new insights have been obtained. First, as a result of the tradeoff between scale economy of large ships and transshipment costs, an HS network is preferred at low cargo demand levels (e.g., in 2014 and 2019), whereas a PoP network is more efficient at high demand levels (e.g., in 2024). Specifically, an HS network configuration is more cost effective for Indonesia at the current traffic volume. With rapid growth in cargo demand, however, a PoP network structure will outperform an HS network structure in 2024. Second, the ports of Belawan, Tanjung
Priok and Tanjung Perak have good potential to become the domestic hubs because they serve regions that have large population size, high GRDPs, and large cargo throughputs. Third, only one international gateway (i.e. Tanjung Priok) is needed for the Indonesia maritime market for the next decade.
In addition to these detailed recommendations for shipping network design in Indonesia, our study also reveals the importance of considering market dynamics in strategic planning and government policy. One major policy decision is whether government intervention and planning should be imposed. Government intervention may avoid duplicate investments and thus increase the utilization Shipping network design in a growth market: The case of Indonesia Tu, Adiputranto, Fu and Li
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and return of infrastructure investment. However, market-based mechanisms tend to be more responsive and efficient, bringing competition and innovations in the long term. Our analysis suggests that the optimal decision may evolve dynamically with market conditions. For the case of the Indonesian maritime sector, when demand is relatively low, only one international gateway and four domestic hubs are needed. With increased traffic volumes, additional domestic hubs should be built.
However, when the demand is large enough, the PoP structure will be optimal. These modeling results
suggest that a progressive policy may be promising for developing countries that are usually short of capital. In the early stages when demand is relatively low, government intervention and planning can avoid duplicate investments and promote operational efficiency. However, as traffic volume and demand increase over time, it may be optimal to liberalize the maritime sector and promote healthy competition between ports and regions. We also highlight the interactive dynamics between port operations and shipping networks. As shown in our sensitivity tests in Figures 5 to 8 , increased port capacity and handling rates influence the optimal network configuration of container carriers (HS vs PoP). However, the scale economy of large ships also affects the network configuration and thus the throughput and transshipment volumes at ports. Therefore, government policy and planning should be both long term and comprehensive. Finally, because the OD cargo flows are one of the key determinants of optimal shipping networks, it is important for governments to compile more detailed data. Compared to advanced economies, statistical agencies in developing countries often compile less detailed data. This can be an expensive mistake, as more infrastructure investment and associated planning are often needed in developing countries.
Although we have tried to conduct a comprehensive study using real market data, some simplifying assumptions and model calibrations have been imposed due to the lack of some critical data. The network configuration is not entirely endogenous and we have not considered more complex hybrid networks. Although our modeling results suggest that a progressive government policy is promising, in reality government interventions often give rise to corruption and bureaucracy, especially in developing countries. These issues, however, are difficult to model in quantitative analysis. Our study is a step toward better planning and policymaking, yet more advanced studies should be carried out when more detailed data are available. Such efforts are particularly important for the maritime sector, in which infrastructure development involves substantial investment over extended periods.
